ABSTRACT: A 0.05°× 0.05°gridded dataset of daily observed rainfall is compared with high-quality station data at 119 sites across Australia for performance in capturing extreme rainfall characteristics. A range of statistics was calculated and analysed for a selection of extreme indices representing the frequency and intensity of heavy rainfall events, and their contribution to total rainfall. As is often found for interpolated data, we show that the gridded dataset tends to underestimate the intensity of extreme heavy rainfall events and the contribution of these events to total annual rainfall as well as overestimating the frequency and intensity of very low rainfall events. The interpolated dataset captures the interannual variability in extreme indices. The spatial extent of significant trends in the frequency of extreme rainfall events is also reproduced to some degree. An investigation into the performance of this gridded dataset in remote areas reveals issues, such as the appearance of spurious trends, when stations come in and out of use. We recommend masking over areas of low station density for this particular gridded data. It is likely that in areas of low station density, gridded datasets will, in general, not perform as well. Therefore, caution should be exercised when examining trends and variability in these regions. We conclude that this gridded product is suitable for use in studies on trends and variability in rainfall extremes across much of Australia. The methodology employed in this study, to examine extreme rainfall over Australia in a gridded dataset, may be applied to other areas of the world. While our study indicates that, in general, gridded datasets can be used to investigate extreme rainfall trends and variability, the data should first be subjected to tests similar to those employed here.
Introduction
Studies of observed climate mostly use station data to examine trends in extreme rainfall indices both globally (Groisman et al., 2005) and regionally (Aguilar et al., 2005; Haylock et al., 2006; Sen Roy, 2009) including studies focusing on Australia (Haylock and Nicholls, 2000; Alexander et al., 2007; Gallant et al., 2007) . However, this makes comparison with gridded output from climate models difficult (Haylock et al., 2008) , so modelling evaluation studies frequently rely on gridded datasets based on in situ measurements (Meehl et al., 2007; Sillmann and Roeckner, 2008; Alexander and Arblaster, 2009) , satellite retrievals (Wilcox and Donner, 2007) or reanalysis data (Kharin et al., 2007) . Satellite data and reanalyses have disadvantages. Rainfall derived from satellite measurements only extends back to the 1970s and significant biases exist in the data (Gerstner and Heinemann, 2008) , whilst Hanson et al. (2007) found, using the National Centers for Environmental Protection/National Center for Atmospheric Research (NCEP/NCAR) 40 year reanalysis, that there is significant underestimation of precipitation extremes. Gridded data based on in situ measurements offer some advantages over these datasets, especially in temporal extent. However, there are issues that need to be considered when using gridded data (Klein Tank et al., 2009; Zhang et al., 2011) , including the representativeness of the gridded values and the sensitivity of the chosen interpolation technique to changing network density. For example, Hofstra et al. (2010) used the European E-OBS high-resolution gridded dataset to illustrate the importance of having a large enough station network in order to gain an accurate dataset of daily climate. Hofstra et al. (2010) also noted the danger of over-smoothing precipitation data when there are few stations used in the analysis and that this was particularly a problem when examining extreme rainfall data.
Previous research into the uses of gridded data for studying precipitation extremes has been focused on the United States (Chen and Knutson, 2008) and Europe (Hofstra et al., 2010) primarily. Australia is a suitable area for further investigation as it encompasses many climate zones (12 in the Koppen climate classification) with very different precipitation regimes whilst being of a similar area to both the United States and Europe. There is also a high-resolution gridded daily rainfall dataset over a century in length available for use in investigating precipitation extremes (Section 2). The gridded dataset in use in this study has a substantially finer resolution than the four used in the E-OBS dataset (Haylock et al., 2008) discussed in Hofstra et al. (2010) and the Climate Prediction Center (CPC) Daily US Unified Precipitation dataset used by Chen and Knutson (2008) . Chen and Knutson (2008) note that even on high-resolution grids, rainfall extremes are likely to be underestimated if compared directly to point measurements. So, the question still remains whether gridded datasets are sufficient to assess changes in extremes.
This study therefore looks at a broader range of statistics than other studies that have compared the performance of gridded data with station data in capturing precipitation extremes. This comprehensive examination improves the general understanding of the suitability of gridded data to examine rainfall extremes.
The data used are described in Section 2 and the methodology in Section 3. The results and discussion are presented in Section 4 and the conclusions in Section 5.
Data
The Australian Water Availability Project (AWAP) gridded daily rainfall dataset was compiled by the Bureau of Meteorology and CSIRO and provides the basis for this study (Jones et al., 2009) . The AWAP daily rainfall dataset extends back to 1900 and has a 0.05°× 0.05°r esolution. AWAP draws on rainfall measurements from a varying number of stations across Australia peaking at over 7000 in the early 1970s. The non-stationary network used in the development of AWAP is, to some degree, accounted for through the use of rolling climatologies. An anomaly-based approach (Hunter and Meentemeyer, 2005; Xie et al., 2007) was used to generate the spatial analyses with the Barnes successive-correction method (Koch et al., 1983) and three-dimensional smoothing splines applied (Hutchinson, 1995) to three different climatological periods. The methods used in the creation of AWAP do not remove temporal inhomogeneities in rainfall and this is a known caveat. Jones et al. (2009) tested the accuracy of the rainfall dataset using several cross-validation methods and acknowledged issues with the accuracy of daily rainfall analyses. Prior to 1907, AWAP has poor spatial coverage over much of Western Australia. Many stations in this region have digitized daily records beginning on 1 January 1907, including ten stations in the high-quality dataset (Lavery et al., 1992) , so for the purposes of this study only the period from 1 January 1907 to 31 December 2009 is considered.
To test the ability of AWAP to capture rainfall characteristics, we compared it to the high-quality dataset of daily rainfall measurements discussed in Lavery et al. (1992) . Originally, data from 191 stations were compiled but following further data quality tests and some station closures this was reduced to 152 sites. These sites were chosen from an original set of around 2100 after passing Figure 1 . Map of the 152 station locations considered for this study. Filled black circles represent the 119 high-quality stations selected following testing. The filled grey circle shows the location of Giles, chosen to study the performance of AWAP in remote regions. Unfilled circles represent the 3 stations that lacked enough available data to be included and the 30 stations that had unreasonably low and high frequencies of heavy rain events on certain days of the week. This figure is available in colour online at wileyonlinelibrary.com/journal/joc a series of rigorous statistical tests that searched for inhomogeneities due to non-climatic factors. It is worth noting that the high-quality dataset has not been homogenized and there are likely to be inconsistencies remaining in the data. Of the remaining 152 sites in the dataset (Figure 1 ), our study required that at least 70% of data at a station from a given year had to be available for extreme statistics for that year to be calculated (see Section 3 for a discussion of the statistics used) and that there had to be extreme statistics for at least 70% of years for that station to be included. Also, to ensure that no bias existed due to seasonality in missing observations, at least 70% of data had to be available for each calendar date through the time series. As a result of these additional tests, a further three stations were removed. A further issue which needed to be considered was the possibility of accumulations being recorded erroneously against individual days. Viney and Bates (2004) found evidence of untagged accumulations significantly affecting some stations in the high-quality dataset. To examine whether this would affect analysis of extreme rainfall statistics, the days of the week when the highest four rain events in each year fell were compiled for each station and corresponding AWAP gridbox. The frequency of these extreme events would be expected to be equal for each day in the week; however, some sites exhibited high variability in the frequency of extreme events, often with Sundays having very few extreme events and Mondays having significantly more than would be expected. This has been caused by observers not taking measurements on Sundays and allowing accumulations to gather, giving larger rainfall totals on Mondays. This is a particular problem when investigating extreme rainfall totals.
In order to determine quantitatively whether stations should be removed from the analysis, a bootstrapping method was used to estimate the distribution of frequencies that could be expected to occur, within reason, on a given weekday. The expected frequency was generated by a random sample of the days of the week. The sample size is the same as the number of days of extreme intense rainfall being considered (a maximum of 412 for the period 1907-2009, but often less if there is some missing data or the station record is shorter). This random sample was then bootstrapped 1000 times to generate an expected distribution of frequencies. If a station had a day of the week where the observed frequency was more than two standard deviations below the mean of the expected distribution and the following weekday's observed frequency was more than two standard deviations above the mean, then the station was removed from the analysis. Figure 2 shows examples of a histogram of the relative frequency of extreme rainfall days on each day of the week for a station that fails this test [Ardrossan (34.42°S, 137.92°E) ] and a station that passes this test [Yass (34.74°S, 148.89°E) ]. This test resulted in another 30 stations being removed from the dataset used for this study leaving a total of 119 stations, 29 of which had too few extreme rainfall events on Sundays and too many on Mondays.
If a station started recording daily rainfall after 1 January 1907 and/or finished prior to 31 December 2009, the corresponding AWAP grid's dates were restricted to the dates the station has been in operation. Also, if a station had missing data for a set of dates, then missing data were inserted into the AWAP grid for the corresponding dates. The 119 stations used here are spread across Australia (Figure 1 ), but are most densely concentrated in the south-eastern part of the continent and south-west Western Australia. Fortunately, the high-quality stations that failed to pass the additional tests imposed in this study are not clustered in a specific region of Australia and the remaining 119 sites still allow for a nationwide comparison of AWAP and station data. A greater number of stations could have been used in this study, but the quality of the results may have been compromised. Quality control is especially important when extreme rainfall is being studied as errors are likely to show up as 'extreme'. The final dataset chosen is not truly independent of AWAP as these stations have contributed to the formation of AWAP and will have a strong influence on the gridboxes being considered. However, these stations provide the greatest knowledge of the climate at each site and are less likely to be subjected to biases and have a longer temporal record than other datasets that could have been used instead. The stations are compared with the gridboxes in which they are located. Testing of a sub-sample of six sites suggested that if neighbouring gridboxes or an average of surrounding gridboxes had been used instead, changes to results would have been negligible. Therefore, the results detailed in Section 4 are robust to the methods applied to the data.
There is a large sparse region of data across much of the centre of the continent where few stations are sited and none of the stations in the high-quality dataset are located [although work to define a high-quality network in Western Australia is being carried out (Marinelli et al., in press)]. Rainfall measurements from Giles (25.03°S, 128.30°E), in Western Australia, were used to provide supplementary verification of AWAP data as detailed in Section 4.5 of this study.
Methods
The ability of AWAP to capture station rainfall characteristics at all intensities was examined through a comparison of the entire rainfall distributions at all 120 sites in both datasets. The intense rainfall portion of the distribution was then investigated by calculating statistics of extreme indices for the station and AWAP data.
To compare the rainfall distribution between a station and its corresponding grid, plots of every days' station and AWAP grid rainfall were plotted against each other for each of the 120 sites considered (including Giles). The station and AWAP gridbox rainfall were rank-correlated and lines of best fit were plotted. Spearman's rank correlation method was chosen to calculate the correlation between station and gridbox data as the data are unevenly spread with fewer points for heavier events. A rank correlation technique is robust to outliers, so it is more suitable for this application.
A wide range of statistics was required to examine the ability of AWAP to capture characteristics of extreme rainfall seen in station data. Three indices of extreme rainfall were calculated for each year (and season) at each station and AWAP gridbox: extreme frequency, extreme intensity and extreme contribution. Haylock and Nicholls (2000) used three similar extreme indices in their study. The extreme frequency is calculated as the frequency of exceedance of the climatological 95th percentile of rainfall. The extreme intensity is a measure of the average intensity of the four heaviest daily rainfall events in a year or season. The extreme contribution is the proportion of the total rainfall in a season or year that is due to the four heaviest rainfall events. Other indices for extremes could have been used; however, these indices are relatively simple to understand and are appropriate for examining the suitability of AWAP in capturing extreme rainfall characteristics.
The calculation of extreme frequency requires the 95th percentile precipitation. This has been computed for each calendar date in the year using the 103 year time series for each station and AWAP grid (differing from most calculations of similar indices which are based on 30 year climatological periods) and includes days with no rainfall. Excluding days with no rainfall from the calculation of the 95th percentile precipitation would retain seasonality in the number of rain-days and this would have a large effect in some parts of Australia. The rainfall values for each calendar date were placed in ascending order and the nearest value to the point 95% of the way along this string of data (accounting for missing data) was assigned as the 95th percentile rainfall value for that date. The 95th percentile precipitation is then smoothed across calendar dates through the application of a 21 day binomial smoothing filter. Note that using a date-dependent 95th percentile rainfall spreads the dates on which rainfall events used in the calculation of extreme frequency occur through the year (Figure 3 ). This means that some light rainfall events during a normally dry spell of the year are incorporated in the calculation and heavy rain events in a wetter period of the year are not included [e.g. for Katherine (Figure 3(b) ) light rainfall events during winter (JJA) are included whilst comparatively wet ones during summer (DJF) are not].
When examining extreme frequency, it was decided that it is important to incorporate the seasonal cycle of precipitation so that the index provided a good representation of extreme events across the entire year and did not only capture intense rainfall events in one season. A date-dependent percentile method could also have been applied in calculating the extreme intensity and contribution indices instead of using an absolute number of events for each season/year. The authors decided, however, that the extreme intensity and contribution indices should represent only the heaviest rainfall events (and the ones that are most likely to have the largest impact on society) even if they were more likely to occur during a specific period of the year or season being considered. Consecutive days of intense precipitation from the same weather system are counted separately in the calculations of our indices. • Mean average of the index for the station and its corresponding AWAP grid.
• Bias between the time averages of the station and grid calculated as a percentage.
• Root mean square deviation between the station and grid.
• Mean absolute deviation between the station and grid.
• Standard deviations of the index distribution for both the station and grid.
• Correlation (Pearson's) of the station and gridbox time series. The time series of the three extreme indices are assumed to be near-Gaussian as each point in the time series is calculated based on several events. • Significant trends (at the 5% significance level using the Mann-Kendall statistic) in station and grid time series.
The mean rainfall (not shown) and mean 95th percentile rainfall were also calculated for each station and its AWAP grid annually and for each season.
Results and discussion
Annual and seasonal time series of each of the three indices were produced for each of the 119 stations and their corresponding grids for 1907-2009. The statistics listed in Section 3 were calculated and plotted onto maps. We first discuss the entire rainfall distributions in station and AWAP data (Section 4.1), before going on to discuss annual (Sections 4.2 and 4.3) and seasonal results (Section 4.4). Finally, we discuss results for a remote location (Section 4.5).
The distribution of rainfall at stations and AWAP gridboxes
For each station and corresponding AWAP grid, all the daily rainfall measurements were plotted against each other to compare characteristics of the rainfall distributions between the point and gridded data. Lines of best fit (all linear) were plotted and the rank correlations calculated. Examples of these plots for two sites are shown in Figure 4 . There is very little difference in some of the characteristics of these plots between the 119 different sites. The gradient of every line of best fit is between 0.7 and 1 and the intercept is >0 in all cases. AWAP, consistently, has a tendency towards larger rainfall values for very low rainfall events (and sometimes non-zero rainfall values when the station measurement is zero), but also lower values than station measurements for extreme rainfall events. AWAP has fewer non-zero rainfall days than are observed in the station data at all sites examined. Possible reasons for this difference include AWAP accounting for isolated non-zero rainfall values at station sites and spreading them over an area or spurious zero values in station data where rainfall is sometimes under-recorded for small accumulations (Trewin, 2001) . In coastal regions, zero values of rainfall are known to be extrapolated to nonzero values in nearby areas where topography exists. Further investigation into the performance of AWAP in regions of differing topography is required. Also, the use of rolling climatologies creates surfaces that are nonstationary in time. Therefore, the construction of AWAP may also provide some explanation for there being fewer zero rain-days at AWAP gridboxes than observed at stations. The rank correlation shows the strength of the relationship between the station and AWAP rainfall and is plotted for each location ( Figure 5 ). Rank correlation values are generally larger in coastal areas (most noticeably in the south-west and south-east of Australia) and lower in inland areas. The reason for this may, in part, be related to stations in coastal locations having greater influences on their AWAP gridboxes as there is no additional information affecting the gridbox value from the area off the coast. It may also be related to the local station density or, indeed, the nature of rainfall in different parts of Australia. In coastal regions of the south-west and south-east, a larger proportion of total rainfall is due to synopticscale systems than mesoscale systems, compared with other parts of Australia. Therefore, in these coastal areas of the south, neighbouring stations are more likely to record similar rainfall values when larger-scale frontal systems pass through. This will increase the consistency of AWAP values through the region and each AWAP value is then more likely to be close to its corresponding station value, thus, increasing consistency between the station and AWAP values and increasing the rank correlation statistic.
Annual indices
The annual mean 95th percentile precipitation values (Figure 6 (a)) are generally higher at stations in coastal regions, particularly in the east and north, while those in central and western regions are considerably lower. This pattern is also seen at the AWAP grids ( Figure 6(b) ). AWAP estimates of the 95th percentile precipitation are lower than at the stations at the majority of locations (86 of 119 sites). In coastal areas, a greater proportion of sites have higher 95th percentile rainfall values at stations than gridboxes, as opposed to in areas, further inland, where AWAP gridboxes often have greater 95th percentile rainfall than station sites. Sites with lower 95th percentile rainfall (i.e. those in inland and western areas) are more likely to have greater 95th percentile rainfall estimates for AWAP grids than at the station sites. At many of these sites, there are times in the year when the station 95th percentile rainfall is 0 mm and AWAP often has small non-zero rainfall totals instead. This is likely to be the cause of the positive difference in these regions. Overall, it is worth noting that the average difference between station and AWAP 95th percentile rainfall estimates is <20% at all 119 locations and is <10% at around three-fourth of sites. Similarly to E-OBS (Hofstra et al., 2010) , AWAP tends to over-smooth precipitation extremes. Annual time series of extreme frequency, extreme intensity and extreme contribution were analysed for each of the 119 sites. Figure 7 shows examples for Dowerin-Ejanding (31.01°S, 117.13°E) and CurlewisPine Cliff (31.18°S, 150.03°E). The AWAP time series of the extreme indices are generally well correlated (r > 0.7) with the corresponding station time series and the standard deviation is similar (i.e. any interannual variability in the extreme indices at a given station is usually detected in AWAP as well). There is little geographical variability in the correlation coefficients (not shown); however, extreme contribution correlation coefficients are on average slightly lower (0.85) than for extreme frequency (0.88) and extreme intensity (0.9). The high correlation coefficients between the time series suggest that it is likely that the same rainfall events are contributing to the calculations of the extreme indices for the station sites and AWAP grids. Biases in the mean of each of the annual extreme indices between AWAP and the stations were calculated. Maps of the mean biases in each of the extreme indices were plotted in order to examine geographical patterns and consistency across regions. The extreme frequency is calculated using the 95th percentile precipitation (where days with no rain are included). Owing to the definition, a mean extreme frequency of roughly 18 would be expected for each year, and this is close to what is generally found at stations and gridboxes. Biases in the mean extreme frequency (not shown) are typically low (between −3 and 3%) at the majority of sites, and are much greater at sites in the north and north-west of Australia where the mean extreme frequency at the AWAP grid was often more than 25% greater than at the station. At the sites with large biases, the station mean extreme frequencies are well below those that would be expected. This is, in part, due to there being fewer than 5% of days with recorded rainfall in some seasons (discussed further in Section 4.4). There are more rain-days in total in AWAP (as discussed in Section 4.1 and shown for two sites in Figure 4 ), so biases are generated.
GRIDDED RAINFALL EXTREMES IN AUSTRALIA
Biases in mean extreme intensity and contribution are consistently negative across all but 3 (for extreme intensity only) of the 119 sites with AWAP grids having lower extreme intensity and contribution values than stations. Extreme intensity (the average intensity of the heaviest four daily rainfall events in each year) at the stations is larger in coastal areas in the east of Australia (Figure 8(a) ). This pattern can also be seen when looking at the AWAP grids, albeit with lower values (Figure 8(b) ). The bias (Figure 8(c) ) appears to be greater in inland and lower on the coast, particularly on the coast of New South Wales and south-east Queensland. This is likely due to lower absolute values of extreme intensity at inland stations (Figure 8(b) ), but may also be related to the interpolation technique of AWAP in coastal areas. The average bias (AWAP-Station) is −11.4%. There is a very different spatial pattern in the extreme contribution index (the contribution to total annual rainfall from the heaviest four events in each year) across Australia (Figure 9 ). The largest extreme contribution values are at stations in central and western areas with considerably lower values at coastal sites, particularly in south-west Western Australia and Tasmania (Figure 9(a) ). This geographical distribution is also seen at the corresponding AWAP grids (Figure 9(b) ). The sites with the largest extreme contributions are also those with the fewest rain events, so it is unsurprising that the heaviest four rain events make up a greater proportion of the total rainfall. Negative biases exist at all sites, although there is no obvious spatial pattern in the magnitude of these biases (Figure 9(c) ). The average bias (AWAP-Station) is −11.5%. 
Trends of annual indices
The trends in each of these extreme indices (over the period 1907-2009) were calculated using the MannKendall trend statistic and tested at the 5% significance level. Maps of the locations of significant trends are shown for each index (Figure 10 ) where trends are significant at the station, the AWAP grid or both. At no locations, for any of the extreme indices, are there significant trends of opposing signs between the stations and corresponding AWAP grids. There are 26 locations with significant trends in the extreme frequency index at stations, AWAP grids or both (Figure 10(a) ). In southwest Western Australia, there are four stations and six AWAP gridboxes showing significant decreasing trends in extreme frequency. Haylock and Nicholls (2000) also found a significant decreasing trend in extreme frequency in this region when looking at a grouping of high-quality stations in the area together over a similar period of time.
Many studies have noted a decrease in total rainfall and extreme rainfall in the south-west of Western Australia (Hennessy et al., 1999; Li et al., 2005; Gallant et al., 2007) . There are two locations in this area where the AWAP grid shows a significant decreasing trend and the station does not. Outside of this region, most of the significant trends are positive suggesting that the majority of the country has experienced an increase in the number of extreme rainfall events. There are far fewer locations that have experienced significant trends in extreme intensity (Figure 10(b) ) and extreme contribution (Figure 10(c) ) and there are no obvious spatial patterns. The other statistics listed in Section 3 were calculated for each of the extreme indices. The root mean square difference, mean absolute difference and standard deviations of each index are generally higher at locations where the value of the index is higher (not shown). This means that larger extreme index values are associated with greater interannual variability and larger differences between the station and AWAP time series.
Seasonal statistics
The same statistics that were calculated annually were also calculated for each index seasonally. The mean 95th percentile precipitation varies greatly between seasons in some locations. This seasonal variability is most apparent at sites in the north of Australia where during the wet summer (DJF) and autumn (MAM) seasons some stations and grids have mean 95th percentile rainfall in excess of 30 mm, whereas during the drier winter (JJA) and spring (SON) seasons locations in this region have zero or near-zero mean 95th percentile rainfall values. In the south-west, the largest 95th percentile rainfall values have occurred during the winter months, although there is less variability in this region than in the north. In the southeast, there is considerably less variability.
Examining the extreme frequency index in each season explains some of the issues with the large biases between mean annual extreme frequency at stations and AWAP grids. During the winter (JJA), stations in some parts of northern Australia experience very few rain-days and in some years no rainfall is recorded at all. This results in very low station mean extreme frequencies in winter at some stations, e.g. mean extreme frequency is 0.58 at Katherine (14.46°S, 132.26°E) and 0.84 at Oenpelli (12.33°S, 133.06°E) both located in the Northern Territory. The expected mean extreme frequency in each season is close to 4.5. The corresponding AWAP grids also have lower values for mean extreme frequency than expected, but still greater than 2.5 as there are more raindays at the grids. This results in large positive biases at these locations.
The correlations between the station and grid extreme frequency time series remain high for each season, except where large biases exist. There are few obvious patterns in mean absolute difference or root mean square difference. The locations and signs of significant extreme frequency trends for summer and winter (Figure 11) show high variability between seasons and AWAP captures the pattern seen in the station data. No location has statistically significant trends of opposing signs between the station and gridbox in any season. Whilst there are many locations where only the station or the AWAP grid has a significant trend, the areas represented are generally the same. For example, in winter, in south-west Western Australia, both AWAP and the stations show a clear decreasing trend in the extreme frequency index, despite there being some differences in the locations where these significant trends are observed between the two datasets.
The seasonal extreme intensity and contribution indices also show some seasonal variability. The heaviest four rain events in each season were used to construct these indices, thus making these seasonal indices less 'extreme' than the annual indices (where the heaviest four rain events in each year were used). This was done in order to make the sample size large enough. One difficulty is that when investigating the extreme contribution if there are four or fewer rainfall events in a given season, the extreme contribution for that season will be 100%. This index is, therefore, less useful when investigating seasonal rainfall extremes, unless a smaller sample is taken. The biases are less consistent when looking at an individual season; however, they are still largely negative at sites where there are enough rainfall events in each season (i.e. AWAP gridboxes tend to have lower mean index values through the time series). A bias correction would still be reasonable even when examining extreme rainfall in individual seasons, although the error on the bias correction is likely to be increased. There are few significant trends in the seasonal extreme intensity or extreme contribution (not shown).
Investigating AWAP performance in remote regions
The analysis of AWAP performance in capturing rainfall characteristics at locations where station density is high is useful, however, much of Australia has low station density and an examination of AWAP performance in these regions is also needed. Giles (25.03°S, 128.30°E) is located in the east of inland Western Australia around 60 km west of the border with Northern Territory (Figure 1 ). It is not in the high-quality dataset; however, it is a Bureau of Meteorology staffed site and has a complete and relatively long record of daily rainfall measurements for stations in this region (extending back to August 1956), making it the most suitable station for comparison with AWAP. Figure 12 shows the annual extreme intensity time series and station precipitation plotted against the AWAP grid precipitation at Giles. The station and AWAP time series of extreme intensity have a correlation in excess of 0.99, considerably higher than the correlations between stations and their corresponding AWAP grids at all other locations for all indices. The root mean square differences and mean absolute differences are also much lower than for other locations. The AWAP precipitation is well correlated with the station precipitation with considerably less spread in points around the line of best fit (Figure 12(b) ). The gradient of the line of best fit (0.99) is closer to 1 than at any of the other 119 locations considered. The AWAP grid much more closely reflects the rainfall recorded at Giles due to the lack of nearby stations. Prior to rainfall measurements being first taken at Giles, there is a period when AWAP interpolates data from other stations to the gridbox within which Giles is located. Rainfall values are considerably lower and there is a dramatic increase once measurements at Giles start being taken. This creates an artificial wetting trend in this area simply due to a station being set up in Giles. Such dubious results suggest that AWAP performance in more remote areas of Australia may not be as good as in areas where station density is higher and that an appropriate mask, therefore, should perhaps be applied if using AWAP to investigate rainfall characteristics in Australia. Isolated stations with records shorter than the period of the AWAP dataset are likely to impact the AWAP dataset and, therefore, should be investigated further.
Conclusions
For 119 sites across Australia, high-quality station measurements of daily rainfall and corresponding grid data from AWAP have been compared with a focus on more extreme rainfall events. The study aimed to test whether the grid data shares the same characteristics as the station data and, therefore, whether it could justifiably be used to examine extreme rainfall.
It was found that AWAP tends to have lower extreme rainfall estimates than those observed at stations in the high-quality dataset, a result common to gridded analyses. It is important to note that this does not mean the AWAP value is 'wrong'. The AWAP estimate is for a 0.05°× 0.05°gridbox, whereas the station measurement is for a single point. However, the extreme AWAP rainfall values tend to be lower than the extreme station rainfall measurements at all locations and this can be seen where all the station and AWAP values are plotted against each other. The mean climatological 95th percentile rainfall is lower at AWAP gridboxes than at stations at 86 of the 119 sites considered. The extreme intensity annual index is biased, being lower in AWAP grids at all but 3 of the 119 sites.
There are few obvious geographical patterns in the biases of extreme indices and the biases are generally consistent allowing for the possibility of applying a correction. The station and AWAP time series of extreme indices are strongly correlated and have similar standard deviations. This would suggest that AWAP could be used in a study on interannual or interdecadal variability of extreme rainfall. Also, the areas where significant trends in extreme rainfall have been observed are, largely, similar between the stations and AWAP. The strength of the correlation between all rainfall values at the station and corresponding gridbox varies between coastal and inland areas and is strongest in southern parts of Australia. This is likely to be, in part, due to the interpolation method used to produce AWAP, so that coastal stations play a larger role in influencing the AWAP gridbox value. It may also be related to the more homogeneous rainfall patterns in southern Australia due to the greater role of synoptic-scale systems in driving intense rainfall in this region.
AWAP gridded values more closely track station values if there are few other stations nearby, such as at Giles, Western Australia. However, stations dropping in and out of the network in remote areas appear to have a large influence on AWAP and so extreme caution is required when investigating rainfall characteristics in such regions. Application of a mask in such areas is suggested to avoid spurious results.
Overall, AWAP appears to be reasonably consistent with station values and, therefore, we believe that it could be used in further studies of extreme rainfall characteristics in Australia. However, caution still needs to be exercised. It is likely that some similar problems to those found in AWAP would appear in other gridded datasets, such as the over-smoothing of extreme precipitation and the appearance of spurious trends in data sparse areas. A thorough examination of the data should therefore be conducted before it is applied to an investigation into extreme rainfall variability or trends.
